Volatile organic compounds (VOCs) have been proposed as one of the main factors for differentiating honeys from different botanical/floral origins. In this work, we investigated the volatile profile of honeys, commercially labeled as buckwheat honeys, from the Alps and its relationship with melissopalynological investigation. The results showed that buckwheat honey samples that contained, to different extents, buckwheat pollen grains on melissopalynological analyses showed similar VOCs profiles, distinguishing them from the other honey floral types analyzed. Among VOCs identified, 3-methylbutanal, butanoic acid, pentanoic acid, and isovaleric acid were considerably greater in the buckwheat honey samples from the Alps. Other compounds were identified only in the honeys containing buckwheat pollen grains such as 3-methyl-2-buten-1-ol, 2-butanone, 2-hydroxy-3-pentanone, 4-methylpentanoic acid, 4-pentanoic acid, butanal, 2-methylbutanal, pentanal, dihydro-2-methyl-3(2H)-furanone, 5-methylfurfural, and cis-linalool oxide. These compounds give to buckwheat honey its characteristic aromatic and organoleptic properties and may be considered interesting as potential "variety markers" for botanical determination.
Introduction
Honey is a highly energetic sweet food, produced by bees, used by human beings since ancient times, and is of significant economic value today.
The organoleptic properties of honey, such as flavour, colour, aroma, and texture are essential factors in consumers' estimation of honey quality. These factors are primarily determined by the type of plant species and flowers visited by bees in order to collect nectar or honeydew to produce honey. Climate conditions, bee physiology, honey harvesting and postcollection processing may also influence, to a lesser extent, honey quality. As a consequence, the botanical and, to some extent, also the geographical origins are important characteristics in the evaluation of honey quality [1] .
Materials and Methods

Honey Samples.
This study was carried out on eight types of honey samples (Table 1 ). In 2012, 18 samples were bought from local small-scale beekeepers working in Valtellina, an alpine valley of the Lombardy region. In particular, samples B1-B6 (Table 1) , labeled as buckwheat honeys, were produced in Teglio (851 m a.s.l.; min. 352-max. 2.911 m a.s.l.), a mountain village in Valtellina where buckwheat is still cultivated; M1-M6 were reported as multifloral, A1-A3 as acacia honey (produced in an altitudinal range included between 200 and 1000 m a.s.l.), and R1-R3 as rhododendron honey (produced over 1000 m a.s.l.). B7, B8, B9, and B10 honey samples, labeled as buckwheat honeys, from Russia, Poland, and Nepal, respectively, were bought from international traders (Gego Enterpriser Pvt. Ltd., Baneshwor, Kathmandu, Nepal; RATOS-NATURA S.C., Olszownica, 75, 27-552, Backowice, Swietokrzyskie, Poland; Dary Altaya, OOO, Moscow, Russia). The floral origins of buckwheat samples were verified by using melissopalynological analysis. All samples were stored in darkness at a temperature of 4-6 ∘ C prior to analysis.
Melissopalynological Analysis.
Melissopalynological analysis was performed according to the techniques proposed by the International Commission for Bee Botany (ICBB) and published in 1978 [26] . In this study, all honey samples were analyzed to confirm their floral origin. The microscopic analysis of honey sediment composition provides the percentage of the specific pollen observed by microscopic comparison with known pollen grains ( Table 1) . It is necessary to count at least 300 pollen grains for an estimation of the relative frequencies of pollen types and 500 to 1000 pollen grains for the determination of relative frequencies [27] . The examination under the microscope was carried out at the magnification that was most suitable for identifying the various elements in the sediment (400 to 1000x). After a first general check to ascertain the main types and densities of pollen grains, the relative frequencies of each pollen type were determined. A count of abortive, irregular, or broken pollen grains, fungal spores, hyphae, and microscopic algae, if they could be identified, was performed.
If the sediment contained a high percentage of overrepresented pollen, a second count excluding the over-represented pollen was done in order to determine more precisely the relative abundance of the other pollen types. The pollen types present in the honey samples were identified, counted, and classified, according to their percentages, as dominant pollen (more than 45% of the total pollen grains counted), secondary pollen (from 16 to 45%), important minor pollen (from 3 to 15%), and minor pollen (less than 3%) [28] .
HS-SPME Volatile Compounds Sampling from Honey
Samples. All the samples were prepared by weighing exactly 5.00 g of honey in a 20 mL glass vial, fitted with cap and equipped with silicon/PTFE septa (Supelco, Bellefonte, PA, USA) and by adding 1 mL of the internal standard solution (IS) in water (1,4-cineol, 1 g/mL, CAS 470-67-7) to check the quality of the fibres. At the end of the sample equilibration period (1 h), a conditioned (1.5 h at 280 ∘ C) 50/30 m Divinylbenzene/Carboxen/polydimethylsiloxane (CAR/PDMS/ DVB) StableFlex fibre (Supelco, Bellefonte, PA) was exposed to the headspace of the sample for the extraction (180 min) by CombiPAL system injector autosampler (CTC analytics, Switzerland). The fibre and the time of extraction used in this study were selected after preliminary study, and the data were reported in Figure 1 . The best adsorption of analyte was obtained using CAR/PDMS/DVB and 180 min as extraction time. The extraction temperature of 25 ∘ C was selected in order to prevent possible matrix alterations (oxidation of some compounds, particularly aldehydes and furans).
To keep a constant temperature during analysis, the vials were maintained on a heater plate (CTC Analytics, Zwingen, Switzerland). As demonstrated in other researches in which the VOCs profile of food is investigated, the use of high extraction temperature can lead to ex novo formation of volatile compounds or to the production of artefacts [29, 30] .
Gas Chromatography-Mass Spectrometry Analysis of
VOCs. HS-SPME analysis was performed using a Trace GC Ultra (Thermo-Fisher Scientific, Waltham, MA, USA) Gas Chromatograph coupled to a quadrupole Mass Spectrometer Trace DSQ (Thermo-Fisher Scientific, Waltham, MA, USA) and equipped with an Rtx-Wax column (30 m; 0.25 mm i.d.; 0.25 m film thickness, Restek, USA). The oven temperature program was: from 35 ∘ C, hold 8 min, to 60 ∘ C at 4 ∘ C/min, then from 60 ∘ C to 160 ∘ C at 6 ∘ C/min, and finally from 160 ∘ C to 200 ∘ C at 20 ∘ C/min. Carryover and peaks originating from the fibre were regularly assessed by running blank samples. After each analysis, fibres were immediately thermally desorbed in the GC injector for 5 min at 250 ∘ C to prevent contamination. The injections were performed in splitless mode (5 min). The carrier gas was helium at a constant flow of 1 mL −1 . The transfer line to the mass spectrometer was maintained at 230 ∘ C, and the ion source temperature was set at 250 ∘ C. The mass spectra were obtained by using a mass selective detector with the electronic impact at 70 eV, a multiplier voltage of 1456 V, and by collecting the data at rate of 1 scan s −1 over the m/z range of 30-350. Compounds were identified by comparing the retention times of the chromatographic peaks with those of authentic compounds analyzed under the same conditions when available. The identification of MS fragmentation patterns was performed either by comparison with those of pure compounds or using the National Institute of Standards and Technology (NIST) MS spectral database. Volatile compounds measurements from each headspace of honey extracts were carried out by peak area normalization (expressed in percentage). All analyses were done in duplicate. 
Results and Discussion
Melissopalynological Analysis.
The results of the melissopalynological analyses of the honeys labeled as buckwheat honeys are reported in Tables 2 and 3 . The results showed that the buckwheat honey samples B1, B2, and B3 could be classified as monofloral with 45.5%, 52%, and 46% of buckwheat pollen. In Valtellina, the maximum altitude at which buckwheat is cultivated is 1200 m a.s.l., and its flowering period is August, thus, giving an indication on the elevation and the period of honey samples B1, B2, and B3 production.
On the contrary, honey samples B4, B5, and B6, also labeled as buckwheat honeys, had to be classified as multifloral, with a very low (5%, 4.5%, and 5.6%, resp.) relative frequency of buckwheat pollen. The high presence of pollen grains of plants belonging to the Rhododendron genus, growing at an elevation between 1600 and 2300 m a.s.l. and flowering from June to mid-July, suggested that honey samples B4 and B5 were produced in Valtellina at higher altitude and in a different season compared to honey samples B1, B2, and B3. The high presence of pollen grains of Eryngium alpinum L. and Euphrasia officinalis L. in honey sample B6 also suggested that it was produced at higher altitude compared to honey samples B1, B2, and B3.
Finally, the presence of pollen grains of plants belonging to the Clematis genus, flowering from May to July, and Lotus alpinus (DC.) Schleicher, growing from 1700 to 2700 m a.s.l. and flowering in July, seemed to confirm the different period and environment of production of honey samples B4, B5, and B6.
The Polish (B8 and B9) and Nepali (B10) samples had to be classified as multifloral honeys with a prevalence of buckwheat pollen grain (25%, 30%, and 16%, resp.), while the Russian sample (B7) had to be classified as multifloral with 5% of buckwheat honey. The presence of pollen grains from The results regarding the other honey samples (M1-M6, A1-A3, and R1-R3) confirmed the botanical classification reported on the commercial label (data not shown), no buckwheat pollen grain were recovered.
Analysis of VOCs in Honey Samples
. Honey volatiles are a very complex mixture of substances frequently occurring at a very low concentration and with poor chemical stability. Thus, as reported by many authors [2, [31] [32] [33] , the use of headspace solid-phase-microextraction (HS-SPME) and gaschromatography/mass-spectrometry (GC/MS), a very sensible and solvent-free method for extraction and analyses of this chemical fraction, is particularly suitable. In our experimental conditions, 86 compounds have overall been identified in the honey samples analyzed, and they are summarized in Tables 4 and 5 .
These compounds belonged to different major chemical classes as follows: alcohols, phenols, ketones, free fatty acid, esters, aldehydes, furans, and terpenes. This paper is the first investigation on the VOCs profile of a buckwheat monofloral honey from Valtellina (North of Italy). Remarkable differences in VOCs profiles were observed when comparing honey samples of different floral origins. Consistent with other authors [34] [35] [36] , most of the compounds were identified in all of the analyzed honeys, but the proportion in which they occurred appeared very different taking into account the different floral/botanical origin. Similarly, in each of the analyzed samples there were compounds which were not present in other types of honeys to be evaluated as potential "floral markers".
The VOCs profile of honeys labeled as buckwheat honeys (B1-B10) was similar, particularly for samples containing a relevant quantity of buckwheat pollen grains despite the different geographical origin. In addition, comparing it with the VOCs profile of the other honey samples, not containing buckwheat pollen grains (M1-M6, A1-A3, and R1-R3), some differences were identified, particularly regarding the composition and the concentration of some chemical classes such as alcohols, aldehydes, free fatty acids, furans, and terpenes as shown in Tables 4 and 5 .
Buckwheat honey is characterized by a sharp, sweet, and slightly biting taste, and its organoleptic characteristics have been proven to be reflected in its composition and concentrations of volatile compounds [33] . Moreover, among the aldehydes, methylbutanals have been reported to be responsible for the characteristic pungent, sweetish, and malty flavour of buckwheat honey [22, 37] .
In our experimental condition, 3-methylbutanal was found in highest concentration in buckwheat honey, and 2-methylbutanal was found to be present only in the honeys containing buckwheat pollen grains. These compounds are commonly found in barley malt [38] . They are known to be Strecker aldehydes, and their presence in honeys is usually associated with the Maillard browning reactions.
The extremely high amounts of methylbutanals in buckwheat honeys compared with some other honeys suggested that this type of honey contains a higher abundance of Strecker degradation precursors, such as amino acids, which would result in a honey with an aroma resembling that which develops upon heat-promoted chemical reactions that occur during the malting of barley [22] . The presence of other Maillard reaction products such as phenylacetaldehyde and dimethyl sulfide supports this hypothesis.
As reported in the literature [33] , besides aldehydes, also the concentrations of free fatty acids, like butanoic acid and pentanoic acid, were considerably greater in the honey samples B1, B2, B3, and B9, those containing the higher quantity of buckwheat pollen grains. Butanoic acid gives buckwheat honey its typical pungent smell and pentanoic acid has a rancid smell and an acid taste [37] . Such chemical compounds, characterized by high concentrations in a honey type and specific sensory properties, are to be considered interesting as potential "variety markers" [33] .
Wolski et al. [32] reported butanal, phenol, trans-linalool oxide, 3,4,5-trimethylphenol as buckwheat honey marker compounds because they were not found in other honey types. In this study, only butanal was confirmed to be such a marker, being present only in the two honey samples containing a relevant quantity of buckwheat pollen grains, corresponding to the Italian monofloral buckwheat honey (samples B1, B2, and B3) and the Polish honeys (samples B8 and B9).
In the same honey samples, we also found significantly great quantities of isovaleric acid, never reported before in buckwheat honey. Isovaleric acid is a potent, odorant, volatile compound, exhibiting an unpleasant odor associated with the rank smell of perspiring feet and has been considered to be an important off-flavor compound in honeys [39] . Isovaleric acid, has been found to be an important odorant for Anarcardium occidentale L. and Croton sp. honeys from Brazil [40] .
Finally, we have identified additional characteristic volatile compounds of buckwheat honey such as 3-methyl-2-buten-1-ol, 2-butanone, 2-hydroxy-3-pentanone, 4-methylpentanoic acid, 4-pentanoic acid, butanal, 2-methylbutanal, pentanal, dihydro-2-methyl-3(2H)-furanone, 5-methylfurfural, and cis-linalool oxide. Pasini et al. [21] reported 5-methylfurfural and other furans as important buckwheat honey marker compounds. In the literature, furanic compounds were reported to derive from sugar degradation and considered to be indicators of thermal processes and storage [41] .
Conclusion
Honey samples labeled as buckwheat honey, found to contain, to different extents, buckwheat pollen grains on melissopalynological analyses, show similar VOCs profiles, distinguishing them from the other honey floral types analyzed. In particular, the honey samples from the Italian Alps, classified as monofloral buckwheat honey, and the two samples from Poland, classified as multifloral honey but containing a significant level of buckwheat pollen grains, were found to have a very similar volatile organic compounds profile, despite the different geographical origin. Thus, the VOCs profile analyses seemed to be useful in distinguishing honeys containing buckwheat pollen grains from those of different botanical origin.
Many volatile compounds were identified in all honey types, but in the honeys containing buckwheat pollen grains there were components that were not present in other honey types such as 3-methyl-2-buten-1-ol, 2-butanone, 2-hydroxy-3-pentanone, 4-methylpentanoic acid, 4-pentanoic acid, butanal, 2-methylbutanal, pentanal, dihydro-2-methyl-3(2H)-furanone, 5-methylfurfural, and cis-linalool oxide. Among them, butanal and 2-methylbutanal have been proposed as buckwheat honey markers also by other authors [22, 32, 33] .
According to the literature, butanoic acid and pentanoic acid were considerably greater in the buckwheat honey samples particularly in those from Italy and Poland containing the higher level of buckwheat pollen grains. These compounds have been reported to give buckwheat honey its characteristic aromatic and organoleptic properties and are to be considered interesting as potential "variety markers". Finally, isovaleric acid, whose presence is reported to have a negative sensorial impact, was for the first time detected in buckwheat honey, particularly in the Italian monofloral buckwheat honeys and in the Polish samples.
